T ype 2 cytokines, particularly IL-4 and IL-13, are critical for host defense against nematode parasites, especially those that reside in the gut (1) (2) (3) . However, the mechanisms by which these cytokines protect against gastrointestinal nematode parasites have not been elucidated and appear to be parasite specific. For example, while IL-4R␣-mediated Stat6 signaling is required to expel both Nippostrongylus brasiliensis and Trichinella spiralis (4, 5) , Stat6 signaling has different roles in the expulsion of each worm. Stat6 signaling is not required for a Th2 response and actually limits intestinal mastocytosis in mice infected with N. brasiliensis, but is required during the effector stage of worm expulsion, which is mast cell independent (4). In contrast, Stat6 signaling is required in mice infected with T. spiralis to induce the type 2 cytokine response and the cytokine-dependent mast cell response that are required to expel this parasite (5) .
These observations and considerations suggested to us that different cell types would need to respond to IL-4 and IL-13 to expel N. brasiliensis and T. spiralis. IL-4R␣ signaling of non-bone marrow-derived cells, such as intestinal epithelium, goblet cells, and smooth muscle, might be important to induce changes in intestinal physiology that could expel N. brasiliensis, while IL-4R␣ signaling of T cells and mast cells might be required to induce the mast cell response needed to expel T. spiralis. To test this hypothesis, we evaluated the abilities of chimeric mice that express IL-4R␣ solely on bone marrow-derived or non-bone marrow-derived cells to expel these two parasites. As hypothesized, we found that IL-4R␣ expression by bone marrow-derived cells is required for T. spiralis but not N. brasiliensis expulsion. However, surprisingly, T. spiralis expulsion, like N. brasiliensis expulsion, requires IL-4R␣ expression on non-bone marrow-derived cells, even though mice that selectively lack IL-4R␣ expression on these cells make larger than normal mast cell responses.
Materials and Methods

Mice
Female BALB/c wild-type and RAG2-deficient mice were purchased from Taconic Farms (Germantown, NY). BALB/c IL-4R␣-deficient mice (6), which cannot respond to either IL-4 or IL-13 (3), and BALB/c mice deficient in both IL-4R␣ and RAG2 were bred at the National Institutes of Health (Bethesda, MD). CB17 SCID mice and strain-matched normal controls and athymic nude mice were purchased through the National Cancer Institute (Bethesda, MD). Mice were used at 8 -12 wk of age.
Parasites
Methods for maintaining N. brasiliensis and T. spiralis, for s.c. inoculation with N. brasiliensis third-stage larvae and oral inoculation with T. spiralis muscle larvae, and for evaluating numbers of adult worms in the intestines of infected mice have been described (4, 5) .
PBS. Phenotypes of mice generated in this manner are shown in Table I . Bone marrow-chimeric mice were tested 4 -6 wk after reconstitution for expression of CD3 and B220 on PBMCs. All mice were maintained on antibiotic water (trimethoprim-sulfa) for 4 -6 wk after reconstitution and before worm inoculation.
Antibodies
ACK-2, a blocking anti-c-kit mAb, (7) obtained from Dr. R. Grencis (University of Manchester, Manchester, U.K.), was grown as ascites in Pristane-primed athymic nude mice and purified by ammonium sulfate precipitation and DEAE-cellulose chromatography.
Long-acting IL-4
Complexes of IL-4 and an anti-IL-4 mAb (11B11) (8) at a 2:1 molar ratio (1:5 weight ratio) were prepared by mixing recombinant mouse IL-4 (PeproTech, Rocky Hill, NJ) and 11B11 (Verax, Lebanon, NH) at this ratio in a 1.5-ml Eppendorf tube for 3 min, then diluting the solution with saline to a concentration of 50 g of IL-4 and 250 g of 11B11 per ml. When indicated, mice were injected with 0.2 ml of this solution i.v. Previous studies demonstrate that these complexes maintain an elevated level of serum IL-4 for 3-5 days by slowly dissociating in vivo (9) . Because complexes never contain more than one molecule of IgG, they neither fix complement nor associate with low-affinity Fc␥R. Because 11B11 neutralizes IL-4, intact complexes have no ability to interact with IL-4 receptors; only IL-4 released by complex dissociation can trigger these receptors.
Measurement of IL-4 and IFN-␥ production
In vivo cytokine production was measured by the Cincinnati cytokine capture assay (CCCA) 4 (10). Mice were injected i.v. with 10 g of biotinlabeled anti-IL-4 mAb (BVD4-1D11) (11) and 10 g of biotin-labeled anti-IFN-␥ mAb (R46A2) (12) . These mAbs bind secreted IL-4 or IFN-␥, respectively, and decrease their use, excretion, and catabolism; however, cytokine neutralization is not sufficiently complete to suppress cytokinedependent immune function. Complexes of biotin-anti-IL-4 mAb with IL-4 or biotin-anti-IFN-␥ mAb with IFN-␥ were detected by ELISA (10).
Determination of intestinal mucosal mast cell number and serum MMCP1 levels
Intestinal mucosal mast cells were counted in Swiss rolls made from segments of jejunum (13) . An ELISA kit purchased from Moredun Scientific (Penicuik, Scotland) was used to quantitate serum levels of mouse mast cell protease 1 (MMCP1), a mast cell-released protease that has a long serum half-life and can be used as an index of mast cell degranulation (14) .
Determination of serum IgE levels
Serum IgE levels were determined by ELISA (4).
Determination of peripheral blood B and T cells
Heparinized blood samples were obtained from irradiated and reconstituted mice, treated with erythrocyte lysing buffer, then washed, stained with FITC-labeled mAbs specific for the B cell marker, B220 (mAb 6B2), or the T cell marker, CD3 (2C11), and analyzed by flow cytometry.
Results
IL-4 induces N. brasiliensis expulsion in the absence of B, T, and mast cells
Previous studies have demonstrated that T cell-deficient mice fail to spontaneously expel either N. brasiliensis or T. spiralis (2) , that mast cell-deficient mice spontaneously expel N. brasiliensis but not T. spiralis (14, 15) , and that treatment with exogenous IL-4 causes T cell-deficient mice to expel N. brasiliensis (16) but fails to induce T. spiralis expulsion by mice deficient in either T cells or mast cells (5) . To determine whether IL-4 can induce N. brasiliensis expulsion by mice that lack T cells, B cells, and mast cells, SCID mice were injected with an anti-c-kit mAb that blocks mast cell induction, then inoculated with N. brasiliensis and treated with IL-4. IL-4 treatment effectively induced N. brasiliensis expulsion (Fig. 1) .
Expulsion of N. brasiliensis requires IL-4-responsive non-bone marrow-derived cells
These results suggested that IL-4 promotes N. brasiliensis expulsion by acting on cells that are not generally associated with immune function, such as intestinal epithelial or smooth muscle cells. To rule out the possibility that any bone marrow-derived cells must respond to IL-4/IL-13 to induce N. brasiliensis expulsion, chimeric mice were produced ( Table I) group, chimeric mice had normal percentages of B and T cells in peripheral blood (Fig. 2, top panel) . Mice that expressed IL-4R␣ only on bone marrow-derived cells made a strong IgE response to N. brasiliensis infection (Fig. 2, second panel) and generated considerably larger IL-4 responses without generating larger IFN-␥ responses than other mice in this experiment (Fig. 2, third panel) , but failed to expel N. brasiliensis, even when treated with sufficient IL-13 to expel this parasite from SCID mice (Fig. 2, fourth and fifth panels, and data not shown). In contrast, mice that expressed IL-4R␣ only on non-bone marrow-derived cells expelled N. brasiliensis spontaneously, even though they failed to secrete IgE and made IL-4 and IFN-␥ responses that were, respectively, smaller and similar to those made by mice that expressed IL-4R␣ only on bone marrow cells.
IL-4R␣ must be expressed on both bone marrow-derived cells and non-bone marrow-derived cells to expel T. spiralis
The mast cell and T cell dependence of T. spiralis expulsion, even in IL-4-treated mice (5), suggested that the pattern of IL-4 responsiveness necessary for expulsion of this parasite would be opposite to that required for N. brasiliensis expulsion. IL-4 responsiveness by bone marrow-derived cells, rather than non-bone marrow-derived cells, would be both necessary and sufficient for T. spiralis expulsion. However, although T. spiralis-infected mice that expressed IL-4R␣ only on bone marrow-derived cells generated IL-4 and MMCP1 responses that were substantially greater than those made by wild-type mice, they failed to resolve infection, even when treated with IL-4C (Fig. 3) . T. spiralis-infected mice differed from N. brasiliensis-infected mice by also requiring IL-4R␣-responsive bone marrow-derived cells to expel intestinal worms, possibly because IL-4 responses were considerably decreased and IFN-␥ responses considerably increased in T. spiralis-infected mice Ϫ/Ϫ non-BM), and, as a negative control, mice that lacked B and T cells and did not express IL-4R␣ on non-bone marrow-derived cells (No B or T Cells). Percentages of B and T cells in peripheral blood were determined 9 wk after reconstitution. Twelve weeks after reconstitution, mice were inoculated s.c. with 500 third-stage N. brasiliensis larvae. Serum IgE levels were determined by ELISA 7 and 12 days after worm inoculation and IL-4 and IFN-␥ production were determined by CCCA 12 days after inoculation. One set of mice was sacrificed 17 days after worm inoculation and numbers of adult worms per mouse and eggs per female worm were determined. A second set of mice was treated i.p. with 10 g of recombinant mouse IL-13 per day for 6 days, starting 15 days after worm inoculation. Mice were sacrificed 1 day after the last IL-13 treatment and numbers of adult worms per mouse and eggs per female worm were determined. FIGURE 3. IL-4R␣ must be expressed on both bone marrow-derived cells and non-bone marrow-derived cells to expel T. spiralis. Mice chimeric for IL-4R␣ were generated as described in Fig. 2 . In one experiment, an additional group (IL-4R␣ Ϫ/Ϫ ) was generated by reconstituting irradiated RAG2/IL-4R␣-double-deficient mice with bone marrow cells from IL-4R␣-deficient mice. Six weeks after reconstitution, mice were inoculated orally with 50 T. spiralis first-stage muscle larvae. IL-4 and IFN-␥ production were determined by CCCA and serum MMCP1 levels were determined by ELISA 14 days after worm inoculation. One set of mice was sacrificed 14 days after worm inoculation and numbers of adult worms per mouse were determined. A second set of mice was treated with IL-4C (10 g of mouse IL-4 plus 50 g of 11B11) every 3 days for 11 days, starting 15 days after worm inoculation. Mice were sacrificed 2 days after the last IL-4C treatment and numbers of adult worms per mouse were determined. Similar results were observed in a second experiment.
that lacked IL-4R␣ expression on these cells. In support of this possibility, IL-4 treatment induced mice that selectively lacked IL-4R␣ expression on bone marrow-derived cells to expel T. spiralis.
Discussion
Our observations suggest that IL-4R␣ signaling of nonimmune cells may be a general requirement for gastrointestinal worm expulsion, even though the precise mechanisms of worm expulsion differ from worm to worm. In mice infected with N. brasiliensis, a strong type 2 cytokine response is generated even in the absence of IL-4-responsive T cells. This cytokine response is sufficient to induce worm expulsion, provided that nonimmune cells can respond to IL-4/IL-13. T cells are needed only to generate the IL-4 and IL-13 that act on nonimmune cells to induce expulsion, and mast cells are neither necessary nor sufficient for expulsion.
A different and more complex situation exists in mice infected with T. spiralis. Both bone marrow-derived cells and non-bone marrow-derived cells must express IL-4R␣ for mice to spontaneously expel this parasite. However, although bone marrow-derived T cells and mast cells must be present to expel T. spiralis, even when mice are treated with pharmacologic doses of IL-4 (5), these cells do not have to be IL-4/IL-13-responsive to contribute to IL-4-induced expulsion (Fig. 3 ). In accord with this observation, T. spiralis expulsion is normal or near-normal in IL-4-deficient mice, which still produce IL-13 (5). Neither T cells nor mast cells in IL-4-deficient mice can be signaled through IL-4R␣ because neither cell type responds to IL-13 (3, 17) . It remains unclear why IL-4-deficient mice have near normal ability to expel T. spiralis while mice that lack IL-4R␣ on bone marrow-derived cells require treatment with exogenous IL-4 to expel this parasite. Possibly, IL-13 acts on bone marrow-derived cells other than mast cells or T cells, such as dendritic cells or macrophages, to inhibit production of IL-12, which suppresses mastocytosis (18, 19) .
Our observations raise questions about how IL-4R␣ signaling 1) works independently of T cells and mast cells to expel N. brasiliensis, and 2) acts together with IL-4-unresponsive T cells and mast cells to expel T. spiralis. Because adult forms of both worms reside in the small intestine, IL-4/IL-13 probably promote expulsion through effects at this site. In this regard, in vivo treatment of mice with IL-4 and/or IL-13 increases longitudinal smooth muscle contractility in the small intestine, intestinal epithelial permeability, and intestinal secretory responses to PG E 2 , and mucus secretion, while inhibiting the stimulatory effect of glucose on intestinal absorption (2, 20, 21) . Any or all of these effects, which are also induced by gastrointestinal worm infection through an IL-4R␣-mediated process, may contribute to N. brasiliensis expulsion by modifying the worm's ability to maintain contact with jejunal mucosa.
For T. spiralis, the challenge is to understand how IL-4/IL-13-unresponsive T cells and mast cells act together with IL-4/IL-13-responsive intestinal cells to induce worm expulsion. Because IL-4 treatment fails to induce a mast cell response or worm expulsion in T cell-deficient, T. spiralis-infected mice (5), while it induces worm expulsion in mice that selectively express IL-4R␣ on nonbone marrow-derived cells (Fig. 3) , we hypothesize that T cells contribute to T. spiralis expulsion through two mechanisms: 1) they promote mastocytosis and mast cell degranulation through an IL-4R␣-independent mechanism, such as IL-3 secretion (13); and 2) they secrete IL-4 and IL-13, which directly stimulate intestinal cells. These mechanisms may be synergistic because IL-4 and IL-13 rapidly increase the responsiveness of mice to mast cellproduced mediators, such as histamine (22) . Consistent with this hypothesis, T. spiralis-infected mice have been shown to have increased sensitivity to histamine (23) that is IL-4R␣ dependent (R. Strait, J. Urban, and F. Finkelman, unpublished data). Thus, IL-4R␣ signaling may promote T. spiralis expulsion primarily by increasing the sensitivity of intestinal cells to mediators released by activated mast cells.
